Abstract
Surgical resection for advanced lung cancer using the hemi-clamshell approach 
INTRODUCTION
Surgical treatment for tumours involving the cervicothoracic junction and/or mediastinum often requires access to the apical dome and mediastinal structures, including major large vessels. The hemi-clamshell (HCS) approach is a surgical method consisting of a partial median sternotomy and antero-lateral thoracotomy that has been reported to provide a wide anterior view of the mediastinum and exposure of the apex of the chest [1] [2] [3] . The anterior transmanubrial and transclavicular routes enable safe access to the cervicothoracic junction, although not to the pulmonary hilum or subcarinal region [4] . On the other hand, the HCS approach enables access to both the cervicothoracic junction and pulmonary hilum, and is, thus, considered to be a reasonable method for performing anatomical pulmonary resection or lymph node removal in selected patients with advanced non-small-cell lung cancer (NSCLC). However, few reports have described the indications for this technique. This retrospective study was performed to evaluate the utilities for the HCS approach in patients with NSCLC. In addition, survival data of a series of 45 patients with NSCLC who underwent this approach for pulmonary resection were analysed. 40 and 60 Gy (46 ± 8.4 Gy), and all patients received the scheduled dose. The radiation field included the primary tumour, ipsilateral hilum and mediastinum, whereas the supraclavicular area was irradiated in patients with Pancoast tumours. Preoperative chemo-radiation therapy was scheduled as preoperative induction therapy in 29 patients, and as definitive chemo-radiation therapy followed by surgical resection in 4 patients.
MATERIALS AND METHODS

Patients
Indications for the hemi-clamshell approach
This approach is indicated for tumour invasion extending to the aorta or main pulmonary artery, and mediastinum including the superior vena cava (SVC), atrial wall or apical thoracic dome. Furthermore, it is also indicated for N2 disease in patients with left-sided lung cancer. Representative preoperative chest computed tomography findings are shown in Fig. 1 . Organs and metastatic lymph nodes with tumour infiltration in the present cohort are shown in Table 1 . The HCS approach was mainly indicated for tumour invasion that extended to the aorta, main pulmonary artery, SVC and atrium, these patients being classified as the cardiovascular group. In addition, it was indicated for 7 patients with invasion of the apical thoracic dome, and was also used for mediastinal lymphadenopathy for left-sided lung cancer in 12 patients.
Operative procedure
The following operative protocol was used in all the patients. The patient is placed in the supine position with a pillow inserted under the back to slightly raise the thoracotomy side. A fourth intercostal thoracotomy is performed, for which we prefer a smooth, curved skin incision rather than a T-shaped incision. A median sternotomy is then performed from the sternal notch to the fourth intercostal space, and the internal thoracic vessels are ligated at the intercostal space, followed by retraction of the flap of the anterior chest wall in a vertical direction (Fig. 2) . Then, the internal thoracic vessels are again ligated close to the subclavian vessels. When an anterior apical tumour is found to involve the first rib, subclavian artery and/or the subclavian vein, after division of the first costal cartilage, the costoclavicular ligament is carefully dissected to allow a more vertical lift of the chest wall, thus providing an excellent view of the subclavian area. The pulmonary hilum is also easily dissected, allowing for various anatomic lung resections. Mobilization of the SVC and ascending aorta with a sagittal incision of the pericardium facilitates dissection of the pre-tracheal, para-aortic or subaortic lymph nodes. When the tumour has invaded the arteries, veins, atrium, chest wall and nerves, en bloc resection of the lung and the involved organs is performed with a sufficient margin. Resection of carcinoma invading the aortic arch and the atrium is performed under cardiopulmonary bypass (CPB). Aortic arch replacement with a 3-branched artificial vessel is performed under deep hypothermia and circulatory arrest with systemic extracorporeal circulation. Pulmonary resection together with resection of the descending aorta or left atrium is performed under percutaneous cardiopulmonary support established through the left femoral artery and vein. When resecting the SVC, the left brachiocephalic vein is reconstructed, followed by reconstruction of the right brachiocephalic vein to decrease SVC clamping time.
Statistical analysis
Overall survival from time of surgery was estimated using the Kaplan-Meier method. Comparisons between the groups were performed with the log-rank test using JMP Pro (version 12.2.0). A P-value < 0.05 was considered to demonstrate statistical significance.
RESULTS
The structures and organs invaded by tumour that required resection along with the mass are listed in Table 2 . We performed 33 lobectomies, including 8 sleeve lobectomies, 1 bilobectomy, 10 pneumonectomies and 1 wedge resection of the lung. Six of the 7 aortic reconstructions and 3 of the 4 atrial wall reconstruction procedures were performed under CPB, which included percutaneous cardiopulmonary support in 5 patients. In 7 patients with invasion of the apical thoracic dome, en bloc resection, with resection of chest wall structures such as the parietal pleura, subpleural soft tissues and the first rib, was performed. Lymphadenectomy in the pre-tracheal and subcarinal areas was routinely performed in all cases, except those with pleural dissemination. All patients who underwent phrenic nerve resection also underwent diaphragmatic plication to prevent paradoxical diaphragmatic movement following the HCS approach. A representative surgical view provided by the HCS approach is shown in Fig. 3 . This approach provided an excellent view for dissection of the pulmonary hilum, as well as mediational structures, such as great vessels and atria. It also provided a good view of the pre-tracheal and subcarinal regions and the apical thoracic dome.
Complete resections were performed in 42 operations (93%), while 1 patient had a residual tumour at the stump of the left atrium, 1 at the aortic adventitia and 1 had pleural dissemination. The former 2 patients did not undergo vascular reconstruction under CPB because of patient age and the presence of N2 disease. The latter patient underwent a wedge resection for tumour sampling. The postoperative stage was 0 (complete response to induction therapy) in 7, IA in 5, IB in 6, IIB in 6, IIIA in 17, IIIB in 3 and IV in 1 patient (Table 3) .
Twenty-three patients (51%) had postoperative complications (Table 4) . Eight patients had recurrent laryngeal nerve palsy, 7 of whom underwent nerve resection along with that of the tumour. There were no postoperative mortalities.
The median follow-up period of survivors was 4.9 years after surgery (1.6-14 years, 4.9 ± 3.8 years). Twenty-three of the patients had recurrent disease, 6 of which were local recurrence in the ipsilateral thoracic cavity. The 5-year survival rate for all patients was 53% (Fig. 4A) . Survival curves according to the indications for the HCS approach showed no significant differences among them (Fig.  4B ). Although postoperative stage or postoperative N status did not have a significant influence on survival (Fig. 4C and D) , the 5-year survival rates for Stage 0-I, II, IIIA and IIIB disease were 67, 40, 53 and 27%, respectively.
DISCUSSION
The HCS approach provides a wide anterior view of the mediastinum, apical dome and cervicothoracic area. In addition, it allows access to nearly the entire thoracic cavity, which enables excision of large tumors without size limitation [4] . Thus, this approach is considered to be a practical method for treating a giant mediastinal mass as compared to a median sternotomy or anterolateral thoracotomy, due to better access to the upper thoracic cavity [5, 6] . The HCS approach also provides safe and flexible access to vascular structures, including the aortic arch, carotid artery, subclavian artery and SVC. When CPB is necessary, cannulation is easily performed with this type of incision as compared to other approaches, because of easy access to the large vessels and patient placement in the supine position. In our series, 9 patients underwent aortic or atrial reconstruction under CPB, 5 with a full CPB and 4 with percutaneous cardiopulmonary support established through the left femoral artery and vein. This approach also reduces the risk of compression of the cardiac cavity and problems with venous filling, which are often encountered with use of the lateral decubitus position. Finally, the pulmonary and intra-pericardial vessels can be easily controlled in the pericardium, thus enabling major pulmonary resection with control of the large vessels [7] .
Due to the nature of the left mediastinal vascular anatomy, mediastinal lymphadenectomy via a standard posterolateral approach usually produces inadequate results. Mobilization of the SVC and ascending aorta using the HCS approach is effective for performance of a complete lymphadenectomy in the pretracheal as well as subcarinal areas [3] . Thus, we consider this approach suitable for the treatment of left-sided lung cancers in patients with mediastinal lymphadenopathy. In our series of 45 patients, 36 had left-sided lung cancer, 12 of whom were affected by c-N2 or c-N3 disease.
In contrast with the transmanubrial approach, HCS does not allow lateral access to the subclavian vessels or axillary extension [4] . When a tumour involves only the subclavian vessels, we perform a combined resection and reconstruction using a transmanubrial approach. On the other hand, when tumour involvement includes the subclavian vessels and pulmonary hilum or mediastinum, we perform pulmonary resection via an HCS approach after dividing the first costal cartilage to provide greater lift of the flap of the chest wall, which allows lateral access to the subclavian vessels. In the present case series, we divided the first costal cartilage to approach the distal border of the brachiocephalic or subclavian artery for replacement of the aortic arch in 2 patients and the subclavian artery in 4 patients.
The HCS approach has certain disadvantages. First, an extended incision is required, which may lead to neuralgia, rib fracture or a flailed chest, although we have not experienced any of these complications. On the other hand, this approach preserves sternoclavicular articulation and results in decreased postoperative functional disability, which occurs with the use of other anterolateral approach routes. In addition, the HCS approach does not allow access to the posterior thoracic cavity, and hence, this method is not considered suitable for patients with severe adhesions in the thoracic cavity or tumour invasion T1aN0M0  1A  5  11  T2aN0M0  1B  6  13  T3N0M0  2B  5  11  T4N0M0  3A  7  16  T1bN1M0  2B  1  2  T4N1M0  3A  2  4  T2aN2M0  3A  3  7  T2bN2M0  3A  2  4  T3N2M0  3A  3  7  T4N2M0  3B  1  2  T1aN3M0  3B  1  2  T2aN3M0  3B  1  2  T3N3M1a  4  1  2 of the posterior chest wall or posterior mediastinum. A separate posterolateral thoracotomy is required in some cases to facilitate the removal of tumours invading the posterior chest wall [2] . However, we have not experienced this situation in our series. Further, the postoperative major pulmonary and cardiovascular complications encountered in the present patients were likely related to the extent of surgical resection or performance of preoperative induction therapy rather than the approach to surgery.
Yet, careful attention to the postoperative course of these patients is needed. Complete microscopic resection of the tumour was achieved in 93% of our patients and the 5-year survival rate for all patients was 53%. Although it is not appropriate to compare survival among patients with diverse indications for the HCS approach, there were no significant differences among patients with respect to invasion of different cardiovascular organs, the apical thoracic dome or mediastinal lymphadenopathy. Although a better prognosis might be expected when the tumour is down-staged by preoperative induction therapy, surgical difficulties after induction therapy have been uniformly reported. In this study, most surgical procedures were complicated by fibrosis and obliteration of the structures that the tumour had invaded before induction therapy. The HCS approach allowed for improved tumour clearance in these hazardous operations. Thus, extensive surgery for complete resection of advanced NSCLC after performing induction therapy should be considered in accordance with which approach, such as the HCS approach, is deemed adequate.
In this study, the analysis was performed retrospectively, and hence, surgeon selection biases for the indications of the HCS approach could exist. Future prospective analyses comparing this approach to other thoracotomy approaches used for managing bulky masses, hilar dissection or reconstruction of great vessels would be an extension of this work. 
CONCLUSION
In conclusion, the HCS approach is suitable for advanced lung cancer, including invasion of mediastinal structures, the apical dome and mediastinal lymph nodes. This method provides a wide view of the mediastinum and apex of the chest, as well as safe access to the thoracic great vessels, enabling complete surgical resection, leading to better longterm survival.
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